This study utilized psychophysical data and acoustical measurements of sonar echoes from artificial fluttering targets to develop insights to the information used by FM bats to discriminate the wingbeat rate of flying insects. Fluttering targets were produced by rotating blades that moved towards the bat, and the animal learned to discriminate between two rates of movement, a reference rate ͑30 or 50 Hz͒ and a slower, variable rate. Threshold discrimination performance depended on the rotation rate of the reference target, with a difference value of 9 Hz for the reference rate of 30 Hz and 14 Hz for the reference rate of 50 Hz. Control experiments demonstrated that the bats used sonar echoes from the moving targets to perform the discrimination task. Acoustical measurements showed that the moving target produced a Doppler shift in the echo and a concomitant change in the arrival time of each frequency in the linear period FM sweep. The difference in delay between echoes from moving and stationary parts varied linearly with flutter rate and depended on the characteristics of the bat's sonar sounds. Simulations also showed a reduction in average echo bandwidth with increasing flutter rate, which may account for a higher delay discrimination threshold using the 50-Hz reference rate. This work suggests that Doppler-induced changes in echo delays produced by fluttering targets may contribute to the FM bat's perception of flying insect prey.
INTRODUCTION
Echolocating bats orient in the environment and capture prey with the use of an active acoustic imaging system ͑Grif-fin, 1958͒. Bats using frequency-modulated ͑FM͒ sonar sounds produce vocalizations which are 1-5 ms long during the approach phase of insect pursuit ͑Kick and Simmons, 1984; Webster and Brazier, 1965͒ , a duration far too short for a single echo to carry information encoding an insect's wingbeat over a complete cycle ͑periods ranging between 10 and 50 ms, e.g., Kober and Schnitzler, 1990; Moss and Zagaeski, 1994͒. Nonetheless, FM bats can discriminate between artificial wingbeat targets that differ in their rate of flutter. Using an artificial wingbeat simulator, constructed from a rotating blade that was exposed through the window of a small box, Sum and Menne ͑1988͒ reported that the FM bat, Pipistrellus stenopterus, can discriminate between artificial targets moving at 41 and 50 Hz. In similar studies Roverud et al. ͑1991͒ and Moss et al. ͑1992͒ reported that the FM bat Eptesicus fuscus can also discriminate between rotating blades that differ in their rate of movement with a threshold close to that reported for P. stenopterus.
The low duty cycle of the FM bat's sonar emissions renders a reliable succession of strong echoes from a moving target improbable ͑Moss and Zagaeski, 1994͒. Sum and Menne ͑1988͒ speculated that the bat based its discrimination on sounds that hit the blade when it was positioned nearly perpendicular to the incident sound. Using a linear frequency model of the bat's sonar sound, they proposed that the bat heard a Doppler-shifted echo from the moving blade, together with an echo from the stationary part of the apparatus. The two surfaces would produce a two-wavefront echo with a time separation between the two components that depended on the velocity of the moving blade. Sum and Menne did not, however, test this hypothesis directly with an analysis of FM echoes taken from the fluttering target apparatus. This paper presents behavioral data on moving target discrimination, acoustical measurements of the FM echoes from a fluttering target apparatus, and a theoretical analysis of the signals. Instead of a linear frequency model of the bat's sonar sound, we based our analysis on a linear period model. The FM sonar signal echoes returning from a wingbeat simulator showed that the delay of the echoes relative to the transmitted sounds changed linearly with the velocity of a moving target and that the duration of the echo decreased with increasing target velocity. Collectively, the behavioral and acoustical data contribute to a model of fluttering target perception and discrimination in bats that use brief FM sonar signals.
I. BEHAVIORAL STUDY
A. Materials and methods
Apparatus
Three big brown bats ͑Eptesicus fuscus͒ were initially trained to discriminate between two blades rotating at different rates ͓Fig. 1͑A͔͒. Two animals became ill during the a͒ Electronic mail: cmoss@bss3.umd.edu course of training, and only one completed all of the discrimination tasks.
The two rotating rates simulated two different wing beat rates. In the present study, the blades always turned toward the bat. The two wingbeat simulators were positioned at an angular separation of approximately 80 degrees. In each simulator, two 1ϫ3 cm brass blades were mounted on opposite sides of a 13 cm shaft of a dc motor. The shaft of the motor was oriented such that the flat surface of the blade would rotate in a plane perpendicular to the direction of the bat only once each revolution ͓Fig. 1͑A͔͒. A foam cover was built over the apparatus, with a 2.7ϫ3.0 cm window exposing the upper tip of the blade only. The bat received echoes from the moving blade tip and weaker echoes from the foam covering ͓Fig. 1͑B͔͒. Acoustic measurements showed that mechanical noise produced by the dc motors driving the rotating blades was broadband, with energy below 16 kHz. To mask this mechanical noise, speakers broadcasting low-pass filtered ͑at 22 kHz͒ white noise ͑Stanford Research Systems function generator͒ were placed behind the motors.
In the behavioral experiments, the blades were 40 cm away from the bat's observing position on a discrimination platform. When the rotating blade was approximately perpendicular to the incident sound, the bat received an echo from the rotating blade with a delay of about 2.3 ms.
Behavioral procedures
The bat was trained to produce sonar vocalizations at the base of a Y-shaped platform and sample echoes from the two moving targets positioned to its left and right ͑Moss and Schnitzler, 1995͒. The left and right arms of the Y platform were directed at the two fluttering target simulators. The bat was rewarded for crawling towards the blade appearing at a reference rate of either 30 or 50 Hz. The blade on the other side always appeared at a slower rate. The reference rate was presented on the left or right side following a pseudorandom schedule ͑Gellerman, 1933͒ and was maintained at one of the set values of 30 or 50 Hz for several months at a time. The rates reported here refer to the rate of presentation of the blade in the window. The shaft rotation rate was half the presentation rate, since each blade appeared once per rotation.
The mean number of trials per day was 31, with over 20 trials per day on 90% of test days, up to a maximum of 65 trials per day. The mean number of trials per stimulus pair was 153 trials with a range of 18 to 671 trials per stimulus pair. The difference in rotation rates of the two artificial wing-beat stimuli was gradually decreased until the bat's performance fell to chance ͑50% correct selection of the reference stimulus͒. Discrimination threshold was arbitrarily defined as the difference value between the reference and comparison rotation rates producing 75% correct performance.
Control sessions in which the openings in the foam were closed with Plexiglas ® were run up to a total of 65 trials at 30 Hz and 29 trials at 50 Hz. The bat's frustration limited the number of control trials that could be run on a given test day. Visual cues were still available, but the bat's sounds reflected off the foam and the Plexiglas ® , not off the moving blade. If the bat were using passive listening or visual cues associated with motor speed, this information would still be available under these conditions.
Echo recordings from fluttering targets
For a half-dozen additional sessions, the bat's sounds were recorded with a microphone placed in front of the platform and approximately 8 cm below the bat, while the echoes were recorded with a microphone placed behind and approximately 8 cm above the bat's head. The sounds were recorded on a high-speed tape recorder at 30 ips ͑Racal Store 4͒, and later played back at 1 32 of the recording speed and digitized at 50 kHz for an effective sample rate of 1.6 MHz on a 12-bit A/D board ͑Data translation model 2821G-DI͒. These signals were analyzed and displayed using Signal ͑En-gineering Design͒ and Matlab ͑Mathworks͒ software.
FIG. 1. ͑A͒ During behavioral experiments, bats were placed at the base of the Y platform, and were rewarded for crawling towards the rotating blade turning at the reference rate. To prevent passive listening, loudspeakers were placed behind the motors driving the rotating blades broadcasting low-pass filtered white noise which masked motor-generated sounds. ͑B͒ Cross section of rotating blade and foam. The rotating blade returned the strongest echo when it was near vertical.
B. Results

Behavioral performance
On average, the bat's performance fell to chance as the difference in rotation rate between the two blades was reduced ͓Fig. 2͑A͔͒. For large differences, the bat's performance was stable at about 90% correct. When the reference rate was 30 Hz, the bat's performance deteriorated to 75% for a rate difference of 9 Hz. When the reference rate was 50 Hz, threshold performance was observed for a difference of 14 Hz.
The performance data was plotted as a ratio of rate difference to reference rate, and the two sets of data for 30 and 50 Hz reference rates overlapped ͓Fig. 2͑B͔͒. The bat's performance fell to 75% correct when the ratio of the blade rotation rate difference to reference rate was about 0.3 ͑ 9 30 ϭ0.3, 14 50 ϭ0.28͒. In control trials with Plexiglas ® placed in the opening to the moving blade, the bat's performance dropped to chance ͑58% and 48% correct performance for 30-and 50-Hz reference rates, respectively͒. This result confirmed that the bat was using echolocation and not visual discrimination or passive listening to sounds associated with blades rotating at different rates.
Analysis of fluttering target echoes
In an attempt to identify the acoustic information the FM bat may have used to discriminate between blades rotating at different rates, we recorded sounds produced by the bat while it was performing the behavioral task, as well as the echoes reflected from the apparatus. When we analyzed these sounds, we found that a small proportion of echoes had a large amplitude. The moving blade only returned echoes to the bat with high signal-to-noise ratio ͑SNR͒ when the blade was nearly perpendicular to the incident sound ͑see Sum and Menne, 1988͒ . When the sound struck the moving blade at a favorable angle, the echo from the moving blade combined with the echo from the stationary foam to form a composite echo with a SNR greater than that from the foam alone. The directionality of the reflecting target was confirmed by broadcasting a continuous sine wave at a rotating blade, and measuring the duration of the discrete signal returned. At 50 Hz, the moving blade returned a detectable echo for only 2 ms out of 20 ms, or 10% of the time ͑Fig. 3͒. This indicates that the angular range over which the moving blade returned a detectable echo was only 18 degrees. At these angular positions, the tip of the blade was moving at its maximum speed towards the bat, and the component of the acceleration of the blade was null in that direction. At 50 and 30 Hz, the tip of the blade moves at 6 and 4 mm/ms, respectively.
To examine the echoes from the moving blade in detail, we performed a spectrogram analysis which displayed the changes in spectral power distribution over time. Such an analysis is valuable in the study of FM bats because their echolocation sounds show a characteristic power distribution over time. Eptesicus's sonar sound is composed of several FIG. 2 . ͑A͒ Each point corresponds to % correct performance for a session of 15-40 trials. Performance threshold of 75% correct occurred for a rate difference of 9 Hz for the 30-Hz reference, and 14 Hz for the 50-Hz reference. ͑B͒ Performance threshold of 75% correct occurred for a ratio of rotation rate difference to reference rate of 0.3 for both the 30-and 50-Hz reference rates.
FIG. 3. ͑A͒
Echo from the continuous sine wave at 85 kHz. The blade moved towards the source at a presentation rate of 50 Hz. The echo is present for 2 ms out of a blade presentation period of 20 ms ͑10% of the time͒. ͑B͒ Spectrum of 85-kHz continuous sine-wave broadcast at the moving blade. ͑C͒ Spectrum of Doppler-shifted echo from blade rotating at 50 Hz. Energy spreads from 85.5 to 88 kHz, corresponding to the exposed blade from base to tip ͑1 to 3.7 cm͒ for this particular test.
harmonics. The power in each harmonic sweeps from a high to a lower frequency, and each frequency is present only once per harmonic and only for a very brief instant in time. The most common method of generating spectrograms involves computing a series of spectra at equal time intervals. But this time sampling of the spectrogram may miss the peak power in a particular frequency band. In the present study, the spectrogram was generated by passing the sounds through a bank of digital bandpass filters 1000 points long ͑ 1 2 bandwidth of 3.2 kHz͒ and 3 kHz apart ͑see Appendices A and B͒. This method allowed us to directly measure the time at which power reached a local maximum in a given frequency band ͑see Saillant et al., 1993͒. We selected for analysis a set of bat sonar sounds recorded during the behavioral experiments that contained echoes from the moving blade. Figure 4͑A͒ and ͑B͒ show conventional spectrograms of a sound and its echo. Figure 4͑C͒ plots the frequency band center as a function of peak power times, showing a complex combination of several separable FM sweeps with two harmonics each. The first sweep ͑1͒ is the direct microphone pickup of the emitted sound. The second and third sweeps ͑2͒ and ͑3͒ are the main echoes from the apparatus. The fourth sweep ͑4͒ is an echo from unidentified clutter in the room. The time delays from the direct microphone pickup to the second and third sweeps ͑2.25 and 2.56 ms͒ were consistent with the echo delays recorded for the distance between the bat platform and the blade ͑around 2.3 ms for a distance of 40 cm, given the 58 s/cm two-way travel time for sound in air͒.
When we plotted the signal period as a function of peak times ͓Fig. 4͑D͔͒, we found the emitted sound ͑1͒ could be reliably described by a linear period model ͑99% of the variance explained by the model͒. The main echoes ͑2͒ and ͑3͒ formed a pair of parallel lines, with the same slope as the sonar vocalization, a pattern that would be expected if the emitted sound reflected off two fixed surfaces. Further analyses confirmed that the power reflected from the stationary foam covering the apparatus and the power reflected from the moving surface of the blade appeared as parallel lines when plotted as signal period versus time.
II. THEORETICAL ANALYSIS
Agreement between our observations on the excellent fit of the linear period model and reports in the literature ͑Altes et al., 1970; Masters et al., 1991͒, combined with the ease of mathematically manipulating this model, led us to develop the following theoretical framework: Assume a linear period model for the emitted sound's first harmonic:
where T is the time of broadcast of period P, a is the slope, and b the offset. For simplicity, the following equations are limited to the first harmonic ͑see Appendix C for equations that include two harmonics͒. When an emitted sound is reflected by a moving target, the sound's frequency content appears shifted to a fixed observer. This Doppler shift is illustrated in Fig. 3 . If a portion of sound is broadcast from the transmitter with period P, it returns with period P(1Ϫ2V/C), where V is the velocity of the moving target in the direction of the bat, C is the speed of sound in air, and the ratio (V/C) is small compared to 1. When only a small portion of the blade is exposed, V is the tip's average velocity.
A target moving with speed V towards the source is at a distance VD closer to the source at the offset of a sound of duration D than at the onset. Since the distance between source and target has shortened during the sound, the end of the sound travels 2(V/C)D less time than the beginning.
Combining the Doppler shift effect, and the shortening of the travel time ͑Fig. 5͒, it follows that the equation for the arrival time of the returning echo is ͑see Appendix C͒
where T is the time of reception at a microphone of the signal with period P. The slope and offset a and b have the same values as in Eq. ͑1͒; L is a constant delay which is proportional to the distance between source and target at the onset of the sound, and P 0 is the period at onset. The equation for the echo from a moving target can be modeled by TϭaPϩbЈ. The slope a of the echo spectrogram is the same as the slope of the emitted sound. When the spectrogram is plotted in the period-time domain, the power reflected by the foam and the blade appear as parallel lines. The change in offset, bЈϪb, is the apparent delay of the echo relative to the emitted sound. It is composed of a fixed delay L and of a variable delay 2 a(V/C) P 0 . The slope a ϭD/(P D ϪP 0 ) is a function of the sound duration D, and the onset and offset periods, P 0 and P D . The variable portion of the delay can be rewritten as 2͓D/(P D ϪP 0 )͔ ϫ(V/C)P 0 . If beginning and ending periods P 0 and P D are fixed, the variable portion of the delay is proportional to the sound duration D, and the target speed V. We thus formulate a testable theoretical prediction. When the upper and lower periods are fixed, the apparent change in delay should be proportional to the product of blade rotation rate by sound duration.
III. ARTIFICIAL SONAR SOUNDS ACOUSTIC STUDIES
Apparatus
To obtain a larger acoustic data set with experimentally defined sonar sound parameters, we conducted further studies of echo reflections using computer-generated FM sounds characteristic of those produced by Eptesicus fuscus during the approach phase of insect pursuit ͑Kick and Simmons, 1984͒. The fluttering target apparatus used to collect acoustic data to test our theoretical prediction was the same as that used in the behavioral experiment. The bat was replaced by a loudspeaker and a microphone ͑Ultrasound Advice͒, both with relatively flat frequency responses (Ϯ3 dB) between 20 and 90 kHz. A computer-generated linear period signal ͑a synthesized FM bat sonar sound͒ was digitally synthesized ͑RC electronics D/A board, sample rate 1 MHz͒ and broadcast through an electrostatic loudspeaker directed at the moving blade. This artificial bat sound was recorded directly from the D/A board at 30 ips on one channel of the Racal Store 4 recorder. The sound reflected off the apparatus was picked up by the microphone and recorded on a second channel of the Racal recorder at 30 ips. The magnitude of the echo changed with the position of the blade, and the input sensitivity of each Racal recorder channel was set to maximize the amplitude of the recorded signal without overloading.
We generated artificial sounds following a linear period model, and used a sine wave envelope to modulate the sound amplitude. In all cases, the first harmonic frequency swept from 50 to 25 kHz, while the second harmonic swept from 100 to 50 kHz. Recordings were made with 1-ms duration sounds for blade rotation rates of 5, 10, 20, 30, 40, and 50 FIG. 4 . ͑A͒ Waveform and spectrogram of FM sound emitted by bat during behavioral experiment. ͑B͒ Waveform and spectrogram of corresponding sonar echoes reflected from the foam and rotating blade. ͑C͒ Emitted sound and echoes peak power times in each frequency band, for peaks with power over Ϫ20 dB from maximum. Dashes represent linear period fit to data points. ͑D͒ Same as ͑C͒, but plotted with decreasing period on the Y axis. ͑E͒ Same as ͑D͒, but plotted with corrected time on the X axis ͑see text͒. ͑F͒ Example of cross correlation of emitted sound and echoes.
Hz, moving either towards or away from the speakermicrophone pair. In addition, recordings were made with 3-and 5-ms duration sounds for blade rotation rates of 5, 30, and 50 Hz, both towards and away from the speakermicrophone pair. For each condition, five echo sets were selected for digitization and analysis. The criterion for signal selection was an average echo amplitude of at least 80% of the maximum observed for that condition. This favored capturing sounds with strong echoes from the moving blade.
Data analysis
As reported above for the acoustical recordings in the behavioral experiments, each sonar transmission resulted in several overlapping sounds. Our analysis focused on echoes from the stationary foam and the moving blade, and the timing of these echoes was compared with that of the artificial bat sound recorded on a separate Racal channel. The sound data were digitized with a 12-bit Data Translation A/D board sampling at 50 kHz. Playing back the Racal recorder tape at 1 32 of the original recording speed, we achieved an effective sampling rate of 1.6 MHz, which provides 16 points per 100-kHz cycle. We developed a spectral analysis to estimate the delays of the overlapping echoes from the foam and the moving blade.
The sound data were processed using a bank of digital bandpass filters set 3 kHz apart from 25 to 100 kHz and displayed as spectrograms. The filters were 600 points long for sounds of 1-ms duration ͑5.3-kHz half-bandwidth͒, and 1000 points long for sounds of 3-and 5-ms duration ͑3.2-kHz half-bandwidth; see Appendix B͒. To increase SNR, we measured the noise level at the beginning of the filter's output and only recorded the time and amplitude of peaks that were four times above that noise level. We started with the analysis of the echo recording. We assumed that in each echo, peak time was linearly related to period with an expression in the form TϭaPϩb, where a was the known quantity D/(P D ϪP 0 ), and P was the inverse of the filter's center frequency. We computed what we call a corrected time by subtracting aP ͑the time-of-occurrence offset of the period in the sweep͒ from the peak time. We expected that for each echo ͑returning from the stationary foam and from the moving blade͒, corrected time would be equal to the residual b, and would be independent of period. Indeed, plots of period with corrected time show corrected time to be constant with period for each echo. Figure 4͑E͒ shows the relation between period and corrected time for the data of Fig. 4͑D͒ .
When we examined plots of peak amplitude versus corrected time, we typically found a pattern of one vertically grouped set of points corresponding to the emitted sound, and two vertically grouped sets of points separated by at least 100 s corresponding to the reflected sounds from the foam and from the rotating blade. Five 1-ms-long sounds out of 60 were eliminated, because the echoes did not show this pattern ͑the blade echo was weak or absent͒. All 3-and 5-ms sounds were retained for further analysis. The timing of each vertical group of points was estimated from the median time of the nine data points with the largest amplitude. A similar analysis was conducted for the broadcast sound. We then subtracted the broadcast sound peak-time median from the two reflected sound peak-time medians, obtaining delay estimates for the foam echo and for the blade echo.
To cross-check our analysis, we created two-wavefront signals with sounds separated by the shortest expected delays, 366 s for 1-ms sounds, 300 s for 3-ms sounds, and 230 s for 5-ms sounds. When the blade was moving away from the bat, the apparent delay decreased compared to the fixed blade delay. Our theoretical prediction leads us to expect the change in delay to be proportional to sound duration, and, therefore, sounds with longer duration should show a larger decrease in apparent delay. Plotting peak times against frequency for different filter lengths, we selected a filter length of 600 points for 1-ms sounds, and determined that the longer 3-and 5-ms sounds required a longer filter length of 1000 points ͑see Appendix B͒. We also created twowavefront sounds with a range of expected delays, from 366-434 s for 1-ms sounds, 300-500 s for 3-ms sounds, and 230-570 s for 5-ms sounds. We observed that for 3-and 5-ms sounds, the analysis showed more spurious peaks for the shorter delays, suggesting difficulties in separating the two-wavefronts near 300-and 230-s delays, respectively. In general, separation of the two-wavefront was more reliable for delays larger than 400 s than for smaller delays.
We also validated our analysis by measuring echo delay using a cross-correlation method. We used the broadcast sound to create a matched filter and ran the artificial sonar emissions and the echoes through the matched filter. The echo cross-correlation waveforms showed two separable peaks, corresponding to the echo arrival times from the stationary foam and from the moving blade. We observed that the maximum for the blade echo was always larger than the maximum for the foam echo. We then measured the time delay between the peak of the broadcast sound autocorrelation and the peak of the broadcast sound and moving blade echo cross-correlation ͓see echo cross correlation in Fig.  4͑F͔͒ . FIG. 5 . Effect of a rotating blade, using a linear period model of the sonar signal. ͑a͒ Emitted sound. ͑b͒ Echo from fixed target. ͑c͒ Echo from moving target showing time shift and period shift due to the blade rotation toward the bat.
Results
As predicted, the relationship between echo delay and the product of rotation rate and sound duration was linear ͓Fig. 6͑A͔͒. The linear period spectrogram and crosscorrelation methods produced very similar echo delay estimates and overall delay distributions ͓Fig. 6͑B͔͒. The spread of data points was similar in Fig. 6͑A͒ and ͑B͒, suggesting the two delay estimation methods employed had a similar accuracy.
For each sound duration, the linear characteristics correspond to what would be expected given the physical layout of the apparatus ͑Table I͒. For all three sound durations, the mean delay for the moving blade was 2 ms. This is close to the 2.05-ms delay expected with a distance of 35.5 cm between the loudspeaker and microphone. Given the range of radius of the exposed blade, the estimated slope of the spectrograms was on the order of magnitude expected of 0.5 to 0.7. The experimental slope estimates around 0.7 are near the high end. If we restrict the data to positive rotation rates ͑blade turning towards the bat͒, for which the delay difference between the foam and rotating blade is larger, and therefore it is easier to separate the two echoes in the analysis, the 3-and 5-ms sound data yield slope estimates of 0.67 and 0.56, respectively, which are well within the expected range.
The internal delay difference between the foam and blade echoes depended on the moving blade's velocity and on the sound's duration. Table II illustrates differences in internal delays for each sound duration, for four stimulus pairs. If the bat was using 1-ms duration sounds, the smallest delay differences it discriminated was about 5.4 and 8.4 s for the 30-and 50-Hz reference rates, respectively. This internal delay difference is consistent with behavioral data on electronically simulated two-wavefront echo discrimination by FM bats ͑e.g., Mogdans et al., 1993; Schmidt, 1992͒. However, if the bat was using 3-ms duration sounds, its internal delay difference discrimination threshold was 16.2 and 25.2 s for the 30-and 50-Hz reference rates, respectively, and notably larger than previously published two-wavefront discrimination data on FM bats ͑Mogdans et Schmidt, 1992͒. Clearly, in Mean delayϭ2ϫdistance/C, where Cϭ34 cm/ms is the speed of sound in air, and the distance between broadcasting speaker and blade is 35.5 cm.
b Expected apparent-delay changeϭ2a(V/C) P 0 . Vϭ2r(/2), where r is the blade radius between 2.75 and 3.75 cm, is the blade's rate of presentation, and aϭD/(P D ϪP 0 ), where P D ϭ40 s and P 0 ϭ20 s. The expected apparent-delay slope is ͓2/( P D Ϫ P 0 )͔͓2r/(2C)͔P 0 ϭ0.18r, where r is expressed in centimeters. The slope coefficient is therefore between 0.5 and 0.68 with an average around 0.6. difference threshold from the rotation rate difference discrimination threshold one must know the bat's sound characteristics ͑see Table II͒ , and in our behavioral experiments these sound characteristics varied from trial to trial.
IV. DISCUSSION
The purpose of this study was to arrive at a better understanding of the information used by the FM bat to discriminate moving targets. Behavioral data showed that the FM bat can discriminate a target fluttering at a reference rate of either 30 or 50 Hz from a slower variable-rate moving target. While the bat's absolute discrimination threshold for the 30-Hz reference target was lower than that for the 50-Hz reference target, the ratio of the threshold flutter rate to reference rate was approximately the same ͑0.3͒ for the two reference rates.
In our acoustical analyses, we used a linear period model of sonar signals to develop a theoretical model which predicted the change in the apparent delay of the moving target's echo. Artificial sonar sounds were broadcast at a moving blade, and we measured the moving blade echo delay relative to the sound emission. Figure 6 displays the relation between delay, target velocity, and sound duration. As suggested by Sum and Menne ͑1988͒, the stationary apparatus and the moving blade produced a two-wavefront echo, with a time separation between the two components that varied linearly with the velocity of the moving blade. In addition, we found that this time separation also depended on sonar sound duration, which is under the bat's control.
The analysis presented in this paper leads us to formulate a hypothesis as to how bats discriminate between blades rotating at different rates. The bat rests on the platform and emits echolocation sounds towards the two moving blades. Most of the time, the blades deflect sounds away from the bat. Approximately once every ten sonar emissions, the bat's sound hits the moving blade when it is roughly vertical, and echoes return to the bat's ears. The bat hears a twowavefront echo coming from the fixed acoustic foam and the moving blade, and it estimates the time delay of the echo from the blade relative to the echo from the foam ͑internal delay͒. The internal delays differ between the reference and comparison rates, and this may provide the foundation for the bat's moving target discrimination.
This can be illustrated with a 3-ms FM sound with the first harmonic sweeping from 50 to 25 kHz. If the left moving blade is turning towards the bat at 5 Hz, the internal delay between blade and foam covering is about 409 s ͑400 sϩ0.6ϫ3 msϫ5 Hz, where 400 s is the round trip internal delay between foam and fixed blade, and 0.6 is a slope coefficient derived from Table I͒ . If the right moving blade is turning at 50 Hz, the internal delay is about 490 s. The difference between the internal delays of the left twowavefront echo and the right two-wavefront echo is 81 s. If on the other hand, the left moving blade is rotating at 36 Hz, the rotation rate at which the bat's performance fell to approximately 75% correct, the internal delay is 465 s. The difference between the left and right internal delays is then 25 s ͑see Table II͒. The bat may compare the left and right internal delays, and choose the side with the larger internal delay. Or the bat may learn to recognize the internal delay of the reference stimulus, and use this information to perform the discrimination. The bat could also respond to spectral cues which are directly related to the internal delay difference of the reference stimulus ͑Mogdans et al., 1993͒.
The calculated internal delay difference discrimination thresholds reported in this study are generally larger than those reported by Mogdans et al. ͑1993͒ for Eptesicus fuscus and by Schmidt ͑1992͒ for Megaderma lyra. Both Mogdans and Schmidt studied the bat's discrimination between electronically simulated two-wavefront targets that differed in internal delay. The electronically simulated components of the two-wavefront targets were replicas of the bat's sonar emissions and the two component echoes were equal in energy. In our study, the echo from the foam is complex, with energy smeared over time because the foam is not flat. In addition, the echo from the moving blade is intermittent, and echoes from those two reflecting surfaces ͑foam and blade͒ have unequal energy levels. Moreover, the internal delay between the two wavefronts jitters from sound to sound with changes in the bat sound characteristics, such as duration, starting frequency, and ending frequency ͑see Table II͒ . These factors presumably contributed to the larger difference in internal delays associated with the moving targets at discrimination threshold in the present study.
Our hypothesis that the bat discriminated between rotating blade rates by comparing two-wavefront internal delays does not explain why the bat's discrimination threshold was 14 Hz with the 50-Hz reference rate, and 9 Hz with the 30-Hz reference rate. The reason may be that the rotation rate affects the sounds in ways other than those discussed up to this point. The blade rotating at 5 Hz moves slowly enough to return a complete echo of the bat's sonar emission. At higher rotation rates, the blade is more likely to return a truncated FM echo, which is either missing the beginning of the sound ͑upper frequencies͒, or the end of the sound ͑lower frequencies͒ ͓Fig. 7͑A͔͒. Assuming that bats process sounds through a bank of filters, as in our analysis ͑see Menne, 1988͒, the bat would receive information from only approximately 50% of the filter banks at 50 Hz, compared to 100% at 5 Hz. The bat's accuracy would therefore be lowered when the reference rate was 50 Hz, compared to 30 Hz. Echoes from the moving blade are more frequent at 50 Hz ͓Fig. 7͑B͔͒, but receiving one echo every five sounds instead of one echo every ten sounds may not help the bat as much as the full use of all frequency channels for the echo analysis.
It is also important to highlight another feature of this study that may have influenced the bat's performance: The target velocity was controlled by the experimenter, but the duration of the sonar sounds was under the bat's control. Longer sonar sounds increased the slope a, and thus increased the apparent delay of the rotating blade echo. This would help the bat to discriminate small velocity differences between the reference and variable rates of target rotation. Indeed, bat Y56, whose performance is reported in this paper, did make unusually long sounds ͑5-7 ms͒ on one of the three taped sessions. Bat Y56 did not always use this strat-egy, perhaps because longer sounds are more frequently truncated, which may reduce the power of the analysis.
The work presented here raises some important considerations for developing ideas about the FM bat's perception of fluttering insects. In this study, only the tip of the artificial wing was exposed, limiting the velocity of the moving surface towards the bat to a narrow range. In the case of an insect wing, all of the wing reflects the sound towards the bat when it is roughly perpendicular to the impinging sonar sound ͑Moss and Zagaeski, 1994͒. The velocity of the moving surface would spread between zero at the body's wing attachment point, to a maximum at the tip of the insect's wing. Instead of a discrete two-wavefront echo, the bat would receive an echo with energy spread over a range of delays. That range would be proportional to the maximum wing velocity and might be fairly stable from echo to echo. In addition, the bat may use other cues, such as interference patterns between the insect's wings and body, to discriminate insect prey. Further studies of moving target discrimination that include echoes from fluttering insects will help to elucidate the acoustic cues that FM bats may use to identify airborne prey items.
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APPENDIX A: FILTERING METHOD
The method used to synthesize synthesis a single channel's short-term power spectrum amplitude ͉X n (e jw k n )͉ with a band pass filter centered at the frequency w k is shown in Fig. A1 . The window W has the properties of a low-pass filter ͑Rabiner and Schafer, 1978͒.
APPENDIX B: SPECTRAL ANALYSIS
As in a conventional spectrogram computation, time resolution is achieved at the expense of frequency resolution. The length of the filter was chosen to achieve a good compromise between frequency and time resolution.
For this work, we ran simulations to chose an appropriate filter length for each of the three types of sounds used in the artificial data ͑1, 3, and 5 ms͒. We constructed a twowavefront sound, with echo onsets separated by the average expected apparent delay, given the spatial positions of the acoustic foam covering and the blade. We compared the spectrograms obtained for a number of filter lengths in 100-point increments. For the shorter filters we considered, we observed three peaks or more in the filter's output, while for the longer filters considered we observed a single peak. We chose the shortest filter showing two peaks ͑one for each wavefront͒ on average in most frequency bands: For 1-ms sounds, the filter length selected was 600 points and for 3-and 5-ms sounds the filter length selected was 1000 points.
For 3-and 5-ms sounds, we observed that the 1000 points filter length did not cleanly separate the two wavefronts offset by delays as short as 300 s and 250 s, respectively, suggesting that delay estimates would have a larger error for rotation rates away from the platform than for rotation rates towards the platform. Results from a simulation with 2000 artificial FM sounds. The sounds were 3 ms long, and emitted on average ten times per second. The simulation assumes the rotating blade reflects sounds over an 18-degree rotation range. ͑A͒ Median duration of the echo returned by the blade. ͑B͒ Probability of receiving an echo at least 0.1 ms long.
